Biological nitrogen and phosphorus removal was investigated in an intermittently aerated sequencing batch reactor (IASBR) and a sequencing batch reactor (SBR). The removal efficiencies of ammonium-nitrogen (NH 4 + -N) were 100% in both reactors in steady operation state. The total nitrogen (TN) removal efficiencies were 90.4% in the IASBR and 79.3% in the SBR, while the total phosphorus (TP) removal efficiencies were 74.7% in the IASBR and 62.6% in the SBR. The simultaneous nitrification and denitrification (SND) efficiency was 90.4% in the IASBR and 79.3% in the SBR, indicating that the IASBR was more efficient than the SBR in SND. The sludge in the IASBR had a P release capability of 16.6 mg P/g VSS but only 7.5 mg P/g VSS in the SBR.
Introduction
Nitrogen (N) and phosphorus (P) are two key nutrients causing eutrophication, and domestic and agricultural wastewaters are major N and P sources. Biotechnologies are widely used in nutrient removals from these wastewaters before discharge. Conventional biological nitrogen removal (BNR) systems consist of two steps: in the first step (nitrification), ammonium (NH 4 + ) is oxidized to nitrite (NO 2 -) by ammonium-oxidizing bacteria (AOB) and then nitrite (NO 2 -) is oxidized to nitrate (NO 3 -) by nitrite-oxidizing bacteria (NOB) in aerobic conditions; and in the second step (denitrification), NO 3 -is reduced to nitrogen gas under anoxic conditions. Extensive studies have shown that simultaneous nitrification and denitrification (SND) could achieve nitrogen removal in one reactor (Zeng et al., 2003) .
SND is effective in nitrogen removal at appropriate DO concentrations with less operation requirement and energy costs compared with separation of nitrification and denitrification processes in two individual reactors. However, Vaiopoulou et al. (2007) suggests that efficient SND systems be incapable of phosphorus removal.
Enhanced biological phosphorus removal (EBPR) is an effective process for phosphorus removal from wastewater. Phosphateaccumulating organisms (PAOs) are enriched by using alternative anaerobic/aerobic conditions and take up large amounts of orthophosphate (PO 4 3-) as intracellular polyphosphate in the aerobic conditions. Phosphorus is removed from the wastewater treatment system by withdrawing a fraction of phosphorus-rich sludge. The carbon source, COD/P ratio, pH, temperature and oxygen are main operational factors influencing PAOs' capability in P uptake (Liu et al., 1997; Oehmen et al., 2005; Lopez-vazquez et al., 2009; Onnis-Hayden et al., 2011) .
It has been recently demonstrated that EBPR can be incorporated with SND by encouraging PAOs to mediate denitrification (Lee et al., 2001; Third et al., 2005; Obaja et al., 2003; Zeng et al.l, 2003; Meyer et al., 2005; Chen et al, 2011) , which employed the predenitrification-nitrification process with low DO concentrations in the aerobic conditions. Li et al. (2008) observed that efficient P removal occurred in intermittently aerated sequencing batch reactors (IASBRs) treating slaughterhouse wastewater. In this study, the technical feasibility of simultaneous nitrogen and phosphorus removal was investigated in an intermittently aerated sequencing batch reactor (IASBR) and a conventional sequencing batch reactor (SBR). The performance of the two reactors on nitrogen and phosphorus removal was compared.
Methods

Lab-scale reactors
Two identical reactors, made from 2.5 L glass cylinders with a diameter of 120 mm, were used in this study. Each had a working volume of 2.0 L. One reactor was operated as an IASBR and the other was operated as a SBR. Two peristaltic pumps (323S, WalsonMarlow, UK) with two swivels were used, one feeding the wastewater into the two reactors with the same volume and the other discharging the treated wastewater. Two magnetic stirrers were used to mix the liquid in the reactors. The sequential operation of the two reactors was controlled by a programmable logic controller (PLC) (S7-CPU-224, Siemens, Germany).
The pH, temperature, and dissolved oxygen (DO) concentration in the reactors were monitored in real-time using individual probes.
Synthetic wastewater
Synthetic wastewater, made from tap water, was used in this study. In order to investigate P removal, the composition of the synthetic wastewater followed Rodgers's recipe (2010) The two reactors were constantly stirred during the fill, non-aeration and aeration phases, while air was supplied by air diffusers located at the bottom of both reactors at an aeration rate of 200 mL/min in the aeration phase. Both reactors were controlled at 20 °C.
In each cycle, 750 ml synthetic wastewater was fed into both reactors. The hydraulic retention time (HRT) was 16 h. 275 ml of mixed liquor was withdrawn from each reactor just before the settle phase every day, keeping a solid retention time (SRT) of about 7.2 days.
Batch experiments on P release
Two 600 mL glass vessels were used to investigate the P release capacity of the biomass in the reactors. 300 mL mixed liquor taken from each reactor just before the settle phase was added in the glass vessels. After settlling for 30 min, 200 mL of supernatant was taken out and the biomass was washed twice with 200 ml distilled water. Then, 200 ml of sodium acetate of 1800 mg/L was added to the glass vessels to reach the total liquor volume of 300 mL. After stripping the mixed liquor with argon gas to maintain anaerobic condition, the experiment commenced. Liquid samples were taken from the vessels at intervals for measurement of the concentrations of PO 4 3--P and acetate. Sodium acetate and polyhydroybutyrate (PHB) concentrations were analyzed using high performance liquid chromatography (Agilent 1200, Agilent Technology, USA) with an UV index detector and an Aminer HPX-87H column (Bio-Rad, USA). PHB was digested by means of the sulfuric-ethanol method (Rodgers and Wu, 2010): 2 mL of the mixed liquor sample taken from the reactors was centrifuged and the biomass was washed twice using distilled water; The biomass was dehydrated with three different concentrations of ethanol (50%, 75%, 96%, vol/vol) for 1-2 minutes each; and then the dehydrated biomass was digested with 1 mL concentrated sulfuric acid at 100 o C for 90 minutes.
Chemical oxygen demand (COD), MLSS, volatile suspended solids (VSS), and total phosphorus (TP) were measured following the standard APHA methods (APHA, 1995) . The pH value was measured with a pH meter. DO was monitored in real-time using a DO probe.
Results and discussion
Overall performance of the IASBR and the SBR The performance of the two reactors in nutrient removal from the synthetic wastewater is given in Table 1 Phase study on the nitrification, denitrification and P reomval Nitrification Alkalinity was consumed (about 1.98 mol per mol NH 4 + -N (Sinha et al., 2007)) for nitrification, which led to pH decrease in the aeration phases (Fig. 2) . At the end of the last aerobic phase in the IASBR (Fig. 2 ) and the SBR (Fig. 4) , pH value showed a rising tendency due to air stripping, indicating the completion of nitrification.
In the IASBR, there were three aeration stages, each lasting one hour. NH 4 + -N decrease and NO 3 --N concentration increase occurred in each aeration stage, while NO 2 --N concentration increase just occurred in the first and second aeration stages and it decreased at the third aeration stage (Fig. 3) . The NH 4 + -N concentration declined from 10.0 mg/L after the fill phase to zero. The specific nitrification rate (AUR) was measured according to the method described by Dytczak et al. (2007) . The AUR in the three aeration stages were 2.5, 2.1, and 0.3 mg NH 4 + -N/g VSS•h in the IASBR. In the first and second aeration stages in the IASBR, the NH 4 + -N concentration decreased quickly. The NH 4 + -N concentration was close to zero and the nitrification was complete at the third aeration stage. In the SBR (Fig. 5) (Fig. 3) , NH 4 + -N was almost unchanged. NO 2 --N was decreased from 0.7 mg/L to zero in the second non-aeration stage and from 2.4 mg/L to 1.5 mg/L in the third non-aeration stage. NO 3 --N was decreased from 0.4 mg/L to zero in the second nonaeration stage and from 1.8 mg/L to 1.6 mg/L in the third non-aeration stage, which indicated that 35 min was long enough to achieve denitrification in the IASBR. The denitrification ability was assessed by the specific total oxidized nitrogen (TON) reduction rate (mg TON/g VSS•h) as described by Dytczak et al. (2007) . The specific TON reduction rate was 1.3 mg TON/g VSS•h during the second non-aeration stage and 2.2 mg TON/g VSS•h during the third non-aeration stage in the IASBR. In the SBR (Fig.5) , NO 2 --N and NO 3 --N were close to zero after 105 min of non-aeration stage.
The specific TON reduction rate was 1.1 mg TNO x /g VSS•h in the SBR. Table 1 . Performance of the IASBR and the SBR P removal At the first non-aeration stage in the IASBR, the PO 4 3--P concentration rose to 30.4 mg/L from 14.8 mg/L after the influent was delivered into the IASBR and kept increasing to 34.1 mg/L until 75 min when the DO concentration was zero (Fig. 3) . At the second and third non-aeration stages, P concentrations didn't increase but decreased, as well as during the settle phase. This suggests that denitrification phosphateaccumulating organisms (DPAOs) should be accumulated in the IASBR using nitrate as the electron acceptor (Hu et al., 2003; Oehmen et al., 2007) .
DPAOs have been widely recognized to benefit P uptake during the anoxic stage using nitrate as the electron acceptor (Hu et al., 2003; Guisasola et al., 2009) . The P release rates in the first nonaeration stages were 12.4 mg P release/g VSS•h, which indicates the first non-aeration condition played a major role in P release. During the three aeration stages, the P uptake rates were 7.5, 10.9, and 4.0 mg P uptake/g VSS•h. The PHB contents in sludge, which can reveal the efficiency of the EBPR process achieved, were accumulated to 67.3 mg PHB/g VSS in the first 75 mins, and it was reduced to 4.3 mg PHB/g VSS in the end of the aeration phase in the IASBR.
In the SBR (Fig. 5) , the PO 4 3--P concentration increased from 16 mg/L to 23 mg/L in the non-aeration phase with a P release rate of 2.3 mg P release/g VSS•h. The P uptake rate in the aeration phase was 4.4 mg P uptake/g VSS•h. The maximum PHB content in the sludge in the non-aeration phase was 54.4 mg PHB/g VSS and it was reduced to 30.7 mg PHB/g VSS at the end of the aeration phase.
The P removal capacity of sludge in the two reactors was further examined by carrying out the batch experiments to measure the P release potential of sludge in the IASBR and the SBR under non-aeration conditions. 1200 mg/L of sodium acetate provided enough carbon sources for P release. In the IASBR, the specific P release rate was 16.6 mg P release/g VSS (VSS = 1.57 g/L) while in the SBR it was 7.5 mg P release/g VSS (VSS = 1.66 g/L). The ratios between P release and acetate consumption were 0.2 mg P release/mg acetate consumed in the IASBR and 0.1 mg P release/mg acetate consumbed in the SBR, indicating that sludge in the IASBR had a 
Conclusions
The research results show that efficient NH 4 + -N removals were achieved in the both reactors. The IASBR had a higher SND efficiency up to 90.4%, in comparision with the SBR. DPAOs could have been enriched in the IASBR; however, a further molecular analysis should be conducted to confirm. The sludge in the IASBR had a higher P release capability than in the SBR. 
